Objective: To understand better the relation between media violence exposure, brain functioning, and trait aggression, this study investigated the association between media violence exposure and brain activation as measured by functional magnetic resonance imaging (fMRI) in groups of normal adolescents and adolescents with disruptive behavior disorder (DBD) with aggressive features.
T he relation between media violence exposure and aggressive behavior has been the subject of considerable social, political, and scientific attention for decades. This attention has intensified with the evolution of media formats (eg, from television to video games) concurrent with highly publicized incidents of tragic aggressive childhood behavior as well as alarming increases in violent crime in adolescents. [1] [2] [3] Experimental studies of exposure to violent television and video games have shown short-term increases in aggressive behavior across the age span. 4, 5 Laboratory-based experimental studies (and, to a lesser extent, field and natural experiments) have been criticized for a lack of ecologic validity and generalizability, however. 1, 6, 7 As a result, correlational studies have sought to investigate more naturalistic relations between violent media exposure and aggressive behavior in everyday life. These studies have often produced smaller and less consistent relations between media violence exposure and aggressive behavior, although most reviews conclude that some relation does exist. [6] [7] [8] [9] The controversy about the relation between exposure to violent media and aggressive behavior has been fueled, in part, by a paucity of research in 2 critical areas: the effect of violent media exposure on brain functioning and the presence of high trait aggression that may make one more vulnerable to exposure to media violence. 10, 11 Functional neuroimaging studies (positron emission tomography and functional magnetic resonance imaging [fMRI]) focusing on aggressive behavior (without looking at media violence exposure) have shown reduced or abnormal prefrontal cortical activity in severely aggressive adults as compared with control groups, 12, 13 suggesting that prefrontal cortical functioning may be an area for investigation of the link between media violence exposure and aggressive behavior. The identification of brain areas involved in this association may assist in better understanding how media violence exposure and aggressive behavior are related as well as in identifying subgroups of individuals who may be more likely to show a strong relation between aggressive behavior and media violence exposure. Because better understanding of underlying brain mechanisms frequently leads to better monitoring and treatment of individuals at risk, 14 knowledge about brain functioning and media violence exposure may have implications in the clinical and public policy realms.
To understand better the relation between media violence exposure, brain functioning, and trait aggression, this study investigated the association between media violence exposure and brain functioning using fMRI in groups of control and aggressive adolescents. Based on previous work such as that already mentioned, our hypothesis was that there would be reduced frontal lobe activation as measured by fMRI in aggressive subjects compared with controls during a task requiring frontal lobe function and that extent of prior media violence exposure would be related to differences in frontal lobe function.
MATERIALS AND METHODS

Participants
The participants were 71 adolescents aged 13 to 17 years with a disruptive behavior disorder (DBD) with aggressive features (n = 28) or with no Diagnostic and Statistical Manual of Mental Disorders, version IV (DSM-IV) 15 diagnosis (no diagnosis control, n = 43). Three adolescents in the DBD group met DSM-IV criteria for oppositional-defiant disorder, and 25 of them met the criteria for conduct disorder diagnosis. All DBD subjects had at least 1 significant symptom of aggressive behavior toward people, animals, or property within the past 6 months. Adolescents in the no diagnosis control group were required to have no DSM-IV diagnosis and no contact with a mental health professional for treatment of a behavioral and/or emotional problem within the past 3 years. Potential participants were excluded from the study if they had an IQ of less than 80, current diagnosis of major depressive disorder, or current or past diagnosis of bipolar disorder or schizophrenia. Participants were recruited using several methods, including flyers posted at local schools, clinics, and community organizations, as well as requesting that professionals and teachers notify families of the possibility of participation in the study. The local institutional review board approved the study, and informed consent was obtained from the adolescents' guardians.
Procedure and Measures
Subjects completed the study protocol in 2 visits. At visit 1, subjects received psychiatric screening and psychologic testing. Visit 2 consisted of the fMRI study.
A DSM-IV diagnosis was made at visit 1 using the Kiddie-SADS semistructured interview behavioral disorders module 16 for DBD diagnoses (including the presence of aggressive features) and the parent-completed Adolescent Symptom Inventory-4 17 for other DSM-IV diagnoses. A subject's IQ was assessed using the 2-subtest form of the Wechsler Abbreviated Scale of Intelligence.
At visit 1, subjects and parents also completed the Media Exposure Measure (MEM), 18 a semistructured self-report interview (for the adolescent) and questionnaire (for the parent) measure of the adolescent's television and video game viewing and playing habits over the past week and year. The MEM items yield 6 weighted indexes of the adolescent's exposure to video games and television programs that depict injury (defined as an actual video depiction of a person being injured) or graphic injury (defined as an actual video depiction of an injury showing blood, loss of body parts, or similar physical damage): adolescent self-report of video game violence exposure during the past week, adolescent self-report of video game violence exposure during the past year, adolescent self-report of television violence exposure during the past week, adolescent self-report of television violence exposure during the past year, parent report of video game violence exposure during the past year, and parent report of television violence exposure during the past year. Correlational analyses of these 6 MEM indexes have shown strong correspondence with ratings of media violence exposure across respondent (parent vs. adolescent), time (past week vs. past year), and media type (television vs. video game). Furthermore, MEM indexes of television and video game violence are independently related to aggressive behavior; these findings show good interrater reliability and construct validity. 18 Factor analysis of the 6 MEM indexes has supported a single factor that includes 5 of the indexes (all except parent report of television violence exposure). Based on these findings of a single media violence exposure factor, a Media Violence Exposure Index (MVEI) was derived by adding the z-transformed scores of the 5 constituent indexes. The MVEI scores correlate significantly with aggressive behavior, consistent with the large body of existing research relating media violence and aggressive behavior. 18 Adolescents with a MVEI total score greater than 0 (the sample mean) are classified as having ''high media violence exposure,'' whereas those with a MEM total score of 0 or lower are classified as having ''low media violence exposure.'' At visit 2, anatomic brain imaging and fMRI experiments were performed on a 1.5-T MRI scanner (General Electric Medical Systems, Waukesha, WI). The fMRI paradigm was a counting Stroop (CS) task that required the subjects to press a button corresponding to the number of visual stimuli presented simultaneously. During control periods, the stimuli were ÔX,Õ ÔXX,Õ and ÔXXX.Õ During activation (''interference'') periods, the stimuli were from 1 to 3 identical numerals (Ô1,Õ Ô2,Õ or Ô3Õ) in which the numeral did not agree with the number of stimuli, such as '11,' Ô222,Õ or Ô3.Õ A single ''run'' of a paradigm consisted of 13 alternating control (7) and activation (6) 32-second blocks. The stimulus duration was 1000 milliseconds with a 600-millisecond interstimulus interval, allowing for presentation of 20 stimuli per block and a total of 120 activation and 140 control trials per run. Synchronized to each run, whole-brain fMRI data were acquired as follows: 448-second 3-dimensional, gradient echo, echo planar sequence; 32 3.8-mm contiguous axial slices in each volume; and 112 volume repetitions with a volume repetition time of 4000 milliseconds and echo time of 50 milliseconds. Raw image data were Hamming filtered, 19 reconstructed, and then motion corrected using SPM'99 (Wellcome Department of Cognitive Neurology, University College, London, United Kingdom). The MRI time series at each pixel in the data was fit using least-squares to a boxcar reference function plus a slope and intercept. Using the ratio of the amplitude and error of the fit to the reference function, a Student t value was calculated for each pixel 20 to create individual activation maps that were then transformed into Talairach space. 21 A 3-dimensional sequence was chosen over the more typical 2-dimensional echo planar sequence because of the large levels of motion observed in this population and the fact that 3-dimensional data are more robustly motion corrected. 22 The drawback of adopting a 3-dimensional acquisition strategy is that the blood oxygenation leveldependent sensitivity is reduced. Prior studies have shown that 3-dimensional fMRI can reduce blood oxygenation leveldependent contrast-to-noise ratio by 30% or more when compared with a similar resolution 2-dimensional fMRI data set. 22 This is attributable, in large part, to the increased spin saturation in the 3-dimensional acquisition. This decrease in sensitivity can make single-subject significance in the detection of activated regions difficult.
Nineteen DBD subjects completed the CS fMRI task with a response accuracy greater than 70% (these 19 DBD subjects did not differ from the 9 excluded DBD subjects on any of the following variables: age [t (26) . These 19 DBD subjects were matched with control subjects who also responded with greater than 70% accuracy to the CS task, according to age (62 years), gender, and IQ (60.5 SD). The individual transformed activation maps were summed pixel by pixel for each group and superimposed on Talairach-transformed, heavily T1-weighted, 3-dimensional, spoiled gradient echo anatomic images. A group map generated in this way is a statistical parametric map of the statistic t n , where n is the number of independent maps summed. Confidence levels for this statistic can be easily calculated. Group maps were generated for the following groups: all DBD subjects, all control subjects, DBD subjects with a high MVEI score, DBD subjects with a low MVEI score, control subjects with a high MVEI score, and control subjects with a low MVEI score.
Regions of interest (ROIs) were drawn to include the dorsolateral prefrontal cortex (DLPFC, encompassing Brodmann areas 9, 44, 45, and 46) bilaterally and the anterior cingulate cortex (ACC, encompassing Brodmann areas 24 and 32). The DLPFC ROI was also subdivided into the middle frontal gyrus (MFG, encompassing Brodmann area 9) and inferior frontal gyrus (IFG, encompassing Brodmann areas 44, 45, and 46). One ROI included the right and left ACC. The spatial distribution of activation in the DLPFC and ACC ROIs was assessed using a cluster analysis approach. Cluster analysis is a methodology that combines single-pixel statistical significance with spatial contiguity to improve sensitivity to the presence of a spatially coherent signal. A 3-dimensional cluster analysis technique was used to identify and quantify individual foci of activation within each ROI. 23 The significance of a ''cluster'' is given by the single-pixel significance threshold (we used a significance threshold of 0.05) required for inclusion in a cluster and the number of spatially contiguous voxels in the cluster (cluster size). Cluster size thresholds for activated tissue were set based on P values determined from a Monte-Carlo simulation of the chance of getting 3 contiguous pixels over a single-pixel significance of 0.05 in a data set with the acquired spatial resolution. For a ROI volume of the ACC of 7 cm 3 , this threshold has a Bonferroni-corrected significance of P , 0.01. For the IFG and MFG, volumes of 25 cm 3 were assumed and the corrected P value for getting 3 contiguous pixels over a single-pixel threshold of 0.05 in these regions was 0.02. Locations of significantly activated pixels in the previously mentioned subject groups were compared.
Behavioral measures of reaction time and accuracy during the activation and control periods and during the entire task were recorded and compared between groups with Student t tests.
RESULTS
The matching procedure resulted in a DBD group composed of 14 boys and 5 girls, with a mean age of 14.11 6 1.24 years and mean IQ of 96.42 6 12.35. In the DBD group, there were 11 subjects with high MVEI scores and 8 subjects with low MVEI scores. In the high MVEI score DBD group, 5 subjects were also diagnosed with ADHD, whereas in the low MVEI score DBD group, 1 subject was diagnosed with ADHD. The control group was composed of 14 boys and 5 girls, with a mean age 14.58 6 1.07 years and a mean IQ of 98.84 6 10.24. In the control group, there were 8 subjects with high MVEI scores and 11 subjects with low MVEI scores. A x 2 analysis demonstrated no significant differences in race between DBD versus control groups, high MVEI score versus low MVEI score groups, or high and low MVEI score DBD and control subgroups. There were no differences between high and low MVEI score groups on IQ, age, or gender, although there was a trend (Fisher exact test, P , 0.07) for more male subjects to be in the high MVEI score group. Furthermore, there was no interaction effect between MVEI score and group (DBD vs. control) in predicting age or IQ.
The cluster analysis detected differences in the location of activation foci between various subject groups ( Table 1) . The entire control group showed significant clusters of activation in the ACC, left MFG, and left IFG, whereas the DBD group showed clusters only in the MFG bilaterally. Figures 1A and B are activation maps demonstrating these group differences. The differences between these groups are Figure 1C . Significant ACC clusters were also found in the entire low MVEI score group and the low MVEI score controls but not in any of the groups with a high MVEI score or in the low MVEI score DBD group. Comparing high versus low MVEI score control subjects, clusters in the IFG and ACC were only seen in the low MVEI score control subjects and clusters were seen in the left MFG in only the high MVEI score control subjects. Figures 2A and B are activation maps illustrating these group differences. The differences between these groups are statistically significant (P , 0.05), as shown in Figure 2C . High and low MVEI score DBD subjects demonstrated clusters in the MFG, but no significant clusters were seen in the ACC or IFG in these subjects.
When evaluating the behavioral performance of the groups while performing the CS task, control subjects had significantly faster reaction times and significantly more accurate responses than DBD subjects for the activation phase, control phase, and entire task (P , 0.01 for all measures; Table 2 ). There were no significant differences in behavioral measures between all high MVEI score subjects and all low MVEI score subjects or between control subjects with high and low MVEI scores. Low MVEI score DBD subjects had significantly greater (P , 0.01) accuracy during the activation FIGURE 1. Comparison is made of the entire control group and entire disruptive behavior disorder (DBD) group. Group activation maps overlaid on coronal magnetic resonance imaging scans show activation in the anterior cingulate cortex (yellow arrow) only in control subjects (A). Control subjects also demonstrate left dorsolateral prefrontal cortex (DLPFC) activation (blue arrow), whereas the DBD subjects (B) show bilateral DLPFC activation (blue arrows). C, Difference map of control subjects minus DBD subjects with the same significance threshold as in A and B. The yellow/orange regions in C indicate controls significantly (P , 0.05) more activated than DBD subjects, and the blue/green regions indicate DBD subjects significantly (P , 0.05) more activated than control subjects.
FIGURE 2.
Comparison is made of control subjects with high and low media violence exposure. Group activation maps overlaid on coronal magnetic resonance imaging scans show activation in the anterior cingulate cortex (yellow arrow) only in control subjects with low media violence exposure (A). Control subjects with low media violence exposure also demonstrate left inferior frontal gyrus activation (blue arrow), whereas the control subjects with high media violence exposure (B) show left middle frontal gyrus activation (red arrow). C, Difference map of control subjects with low media violence exposure minus control subjects with high media violence exposure with the same significance threshold as A and B. The yellow/orange regions in C indicate controls with low media violence exposure significantly (P , 0.05) more activated than controls with high media violence exposure, blue/green regions indicate controls with high media violence exposure significantly (P , 0.05) more activated than controls with low media violence exposure.
phase and for the entire task than high MVEI score DBD subjects, but no other significant behavioral measures were noted.
DISCUSSION
Exposure to media violence has been linked to aggressive behavior in children, 2, 5 but the relation of media violence to brain functioning has not been reported previously. There have been a number of functional neuroimaging studies showing alterations in brain functioning in aggressive subjects specifically involving various frontal and temporal lobe regions, 12,13,24-26 but these alterations have not been evaluated in the context of media violence. Similarly, several studies have reported brain activation results using various interference or Stroop tasks in normal subjects [27] [28] [29] [30] [31] [32] [33] [34] [35] as well as in patients with disorders such as ADHD 36 and schizophrenia, 37, 38 but this type of task has not been evaluated in aggressive individuals. We used a CS task in this study because it requires attention and inhibitory responses that activate a number of areas in the frontal lobes, including the ACC and DLPFC, [32] [33] [34] which may be impaired in aggressive subjects. 12, 39 Our hypothesis that DBD subjects demonstrate reduced activation during a task requiring frontal lobe activation was supported by our results (see Fig. 1 ). Control subjects demonstrated significant clusters of activation in the ACC, left MFG, and left IFG, but DBD subjects showed significant activation only in the bilateral MFG and not in the ACC or IFG. Previous studies using event-related fMRI of Stroop tasks have suggested that the ACC plays a role in performance monitoring. 32, 33 The MFG (Brodmann area 9) may play a role in the implementation of control, 33 whereas the IFG (Brodmann areas 44 and 45) may be involved in inhibition and selective retrieval. 32 Another fMRI study of a Stroop task suggested that the ACC and DLPFC are involved in attentional control but that activation of the ACC and right MFG is related to response selection conflict and activation of the left MFG is related to interference at nonresponse levels. 34 Although there is some debate regarding the precise functional neuroanatomy involved in Stroop task performance, there is agreement that a distributed network of structures, including the ACC and DLPFC, is involved. Our results suggest that there are differences in the activated network between control and aggressive adolescents. The lack of significant activation in the ACC and IFG in DBD subjects may reflect impairment in the neural circuitry involved in emotional regulation that predisposes them to aggressive behavior. 39 Little is known about the relation between media violence and brain functioning. Because media violence has been associated with aggressiveness, we hypothesized that subjects with high media violence would show reduced frontal lobe activation similar to that seen with aggressive individuals. 12, 13 Consistent with this hypothesis, the entire high media violence exposure group showed activation in the MFG but not in the ACC or IFG just as the DBD subjects did. Furthermore, control subjects with high media violence exposure also showed a pattern of activation similar to the DBD subjects and dissimilar to the low media violence control subjects (see Fig. 2 ). The DBD subjects with high and low media violence exposure demonstrated activation in only in the MFG, but the DBD subjects with low media violence showed unilateral activation, whereas the high media violence exposure group showed bilateral activation. Taken together, these findings suggest that media violence exposure may have an influence on brain functioning whether or not trait aggression is present.
Anterior cingulate cortex activation was detected by cluster analysis in the entire control group as well as in the entire low media violence exposure group and low media violence exposure control group but was not observed in the entire DBD group, in any of the high media violence exposure groups, or in the low media violence exposure DBD group. The absence of ACC activation in the DBD group is not surprising, because others have made this observation with a CS task in subjects with ADHD, 36 and DBD and ADHD are frequently comorbid disorders. In fact, ADHD was also diagnosed in nearly half of the DBD subjects with high media violence exposure. Attention deficit/hyperactivity disorder was not a significant confound in the DBD subjects with low media violence exposure, however, because it was diagnosed in only 1 of 8 subjects and none of the high media violence exposure control subjects had ADHD. The association of high media violence exposure and impaired ACC activation has not been made before, but this could be an important neurophysiologic alteration that might explain the relation between violent media exposure and aggressiveness. Anterior cingulate cortex function is important for attention control and plays a role in emotional regulation that might result in aggressive behavior if impaired. 39 Another potential factor accounting for reduced ACC activation in the DBD subjects compared with the control subjects may relate to slower reaction times in the DBD group (see Table 2 ), because ACC activation has been shown to correlate negatively with reaction time in a simple motor task. 40 The DLPFC is also involved in emotional control, 39 but we did not find as consistent a reduction in activation in this region related to high violent media exposure as was seen in the ACC. The localization of activation was somewhat different, however, because IFG activation clusters were noted in entire control group and the low media violence control subjects but not in the high violent media exposure or DBD subjects, suggesting that there may be differential effects of violent media exposure on the functioning of different regions of the DLPFC.
One limitation of our study is that we did not evaluate other brain regions involved in emotional control such as the orbital frontal cortex and amygdala. 39 Magnetic susceptibility artifacts associated with gradient echo MRI pulse sequences compromise evaluation of these areas. In addition, the CS task used in this study does not specifically activate these brain regions. Further study evaluating emotional reactivity in our subject groups with pulse sequences designed to evaluate the entire system involved in aggressive behavior should be pursued.
In conclusion, this study demonstrated reduced frontal lobe activation in aggressive subjects compared with control subjects. In addition, differences in frontal lobe activation were associated with differences in media violence exposure. Specifically, activation during performance of the CS task in control subjects with high media violence exposure resembled that seen in DBD subjects. This observation is the first demonstration of an alteration in brain function being associated with media violence exposure.
